Abstract Aquatic animals suffer from various environmental stresses because the aquatic environment is a very complex system. To monitor the health status of fish, Hsp90 a potential early warning marker was determined in Schizothorax prenanti after infection with a bacterium. In this study, we cloned Hsp90 from S. prenanti for the first time. The fulllength cDNA sequence of SpHsp90 was 2663 bp, contains an open reading frame of 2181 bp, and has a gene encoding 726 amino acids, an estimated molecular mass of 83.38 kDa, and a theoretical isoelectric point of 4.91. The SpHsp90 amino acid sequence has five conserved HSP90 family signatures and shares 87.0-95.5 % identity with other vertebrates. Phylogenetic analysis and structure comparison indicated that SpHsp90 should be a β isoform of the HSP90 family. SpHsp90 was ubiquitously expressed in all examined tissues, and the highest level of expression was in the kidney. After Streptococcus agalactiae infection, the level of SpHsp90 expression had significant changes (P < 0.05) in the hepatopancreas, spleen, kidney, and blood. The expression increased to the highest level at 6 h in the blood and at 24 h in the hepatopancreas, spleen, and kidney. The results suggested that the SpHsp90 gene could be induced by S. agalactiae in S. prenanti and that SpHsp90 may be involved in resistance to bacterial infection and provide an early warning information. The kidney is the most suitable for detecting SpHsp90 after bacterial infection.
Introduction
Schizothorax prenanti, commonly known as Ya-fish, is a valuable endemic fish in Western Sichuan Plateau, China. With the rapid development of intensive aquaculture, streptococcus disease has frequently emerged in S. prenanti farms in recent years (Geng et al. 2012) . Therefore, monitoring the health status of fish is crucial for aquaculture management. An interesting focus of research involves finding a warning information marker of infection status. Heat shock proteins (HSPs) are ubiquitous and highly conserved stress proteins and play a critical role in the health of finfish, in relation to the host response to environmental pollutants, food toxins, and microbiologic infections (Roberts et al. 2010; Ryan and Hightower 1996; Ryan and Hightower 1994) . According to molecular mass, HSPs are grouped into several families, as follows: HSP110, HSP90, HSP70, HSP60, and low molecular weight HSP (Basu et al. 2002) .
HSP90 is a highly conserved, extensively studied protein in the aforementioned families, which plays key roles in the cell as a molecular chaperone, including newly synthesized proteins, refolding denatured proteins, and signal transduction. Hsp90 has been cloned from several aquatic animals, such as bay scallops (Argopecten irradians) (Gao et al., 2008) , zhikong scallop (Chlamys farreri) (Gao et al., 2007) , grass carp (Ctenopharyngodon idella) (Wu et al., 2012) , common carp (Cyprinus carpio) (Hermesz et al. 2001) , miiuy croaker (Miichthys miiuy) (Wei et al., 2013) , and channel catfish (Ictalurus punctatus) (Xie et al., 2015) . The expression of Hsp90 is regulated by various environmental stressors, including temperature (Jiravanichpaisal et al. 2004; Tedeschi et al. 2015) , benzo (a) pyrene , pH (Zhou et al. 2015) , cadmium (Choi et al. 2008) , crowding (Ni et al. 2014) , hypoxia (Mohindra et al. 2015) , and salinity (Peng et al. 2015) . Thus, Hsp90 could be a biomarker of aquatic animals for responding to water quality; however, the aquatic environment is a complex system. In addition to chemical and physical factors, the aquatic environment still has many biological factors, including pathogen microbiology. Recent study has indicated that Hsp90 appears to be the dominant and critical HSP in olive flounder kidney infected with Streptococcus parauberis (Cha et al. 2013) . Hsp90 messenger RNA (mRNA) from Crassostrea hongkongensis is constitutively expressed in various tissues and is apparently inducible in hemocytes under Vibrio alginolyticus, suggesting an important role in response to bacterial invasion. Therefore, as a sensitive biomarker for environmental stressors, Hsp90 may provide a warning of bacterial infection in aquaculture.
To better understand the mRNA level of Hsp90 expression after S. prenanti infection with Streptococcus agalactiae infection, Hsp90 from S. prenanti (named SpHsp90) was cloned at the first time, and the patterns of tissue expression in response to S. agalactiae challenge were analyzed by quantitative real-time PCR (qPCR) in the study.
Material and methods

Animal treatment
Healthy S. prenanti, weighing 45 ± 3 g, were obtained from a commercial farm in Ya'an (Sichuan, China) in August 2015. S. prenanti were maintained in tanks (100 cm × 40 cm × 60 cm) with aerated water at a temperature of 23 ± 1°C and fed regularly with commercial food at a ratio of 2 % of the total biomass for 1 week during acclimation. One half of the water was exchanged for fresh water daily. For fulllength complementary DNA (cDNA) cloning and expression pattern analysis of the Hsp90 gene, the following tissues were obtained from five healthy S. prenanti: brain, muscle, kidney, hepatopancreas, skin, spleen, heart, gill, and intestine. The tissues were immediately conserved in an RNA/DNA sample protector (TaKaRa, Dalian, China), then stored at −80°C. Blood samples (approximately 100-200 μl/fish) were taken from the caudal vein using a 1-ml syringe, and the blood was added to Cell Lysis Buffer (BIKW, Beijing, China), then stored at −80°C. Before dissection of tissues, fish were anesthetized in 0.02 % tricaine methane sulfonate (MS-222). All experimental protocols using fish were approved by the Regulations for the Administration of Affairs Concerning Experimental Animals and approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University (Sichuan, China).
RNA extraction and cDNA synthesis
Total tissue RNA was isolated using the RNAiso Plus kit (TaKaRa). Total blood RNA was isolated using the Blood Total Protein, Total RNA, DNA, and microRNA-kit (BIKW). The RNA concentration and purity were determined by RNA electrophoresis and the optical density absorption ratio (A260/280) in the Nanodrop 2000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Samples with an absorption ratio of 1.8-2.0 were used for subsequent cDNA synthesis. cDNAs were synthesized using the PrimeScript™ RT reagent kit with gDNA Eraser (Perfect Real Time; TaKaRa). First-strand cDNA of hepatopancreas was synthesized using the SMART RACE cDNA Construction Kit for rapid amplification of cDNA ends (RACE; TaKaRa), referring to the method recommended by the manufacturer.
Full-length cDNA cloning of Hsp90
The cDNA was used as a template for the reverse transcription-polymerase chain reaction (RT-PCR) with a pair of specific primers (Hsp90-1F and Hsp90-1R) designed to amplify fragments of Hsp90 in S. prenanti. The PCR primers are listed in Table 1 . The PCR program was as follows: 5 min at 94°C; 30 cycles at 94°C for 30 s, 55.7°C for 30 s, and 72°C for 1.5 min; a final extension for 8 min at 72°C; and then cooling to 4°C. Purified PCR products were ligated into a pMD19-T vector (TaKaRa), transformed into competent Escherichia coli DH5α cells, then sequenced.
To obtain the entire Hsp90 cDNA sequence, the partial Hsp90 cDNA was fully extended using 5′ RACE and 3′ RACE, respectively. The gene-specific primers used for 5′ RACE and 3′ RACE are listed in Table 1 . The first round of PCR amplification was performed with primers UPM and Hsp90-5′ R1 or Hsp90-3′ F1, and the second round of PCR amplification was performed with primers UPM and Hsp90-5′ R2 or Hsp90-3′ F2, using methods described by Lin et al. (2014) . PCR products were cloned and sequenced as described above. Finally, sequences were assembled and the full-length cDNA of Hsp90 was obtained.
Sequence analysis
The open reading frame (ORF) of S. prenanti Hsp90 (SpHsp90) terminated using the ORF Finder (http://www. ncbi.nlm.nih.gov/gorf/gorf.html). The calculated molecular weight and theoretical isoelectric point of the deduced amino acid sequences were obtained using online ProtParam software (http://web.expasy.org/protparam/). Nucleotide and amino acid sequence identity and the prediction of conserved domains in the peptide were performed using the BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Multiple sequence alignments were performed using the ClustalW program (http://www.ebi.ac.uk/clustalw/) (Thompson et al. 1994) . A phylogenetic tree of different vertebrate Hsp90s based on amino acid sequences was constructed by the neighbor-joining method in the MEGA 6.0 program (http://www.megasoftware.net/index.html).
Tissue distribution of SpHsp90 mRNA
Total RNA was extracted and cDNA was synthesized, as described previously (BRNA extraction and cDNA synthesis^). RT-PCR analysis was performed using the applied Biosystems Step One Plus (Life Technologies, Hercules, CA, USA). The gene-specific primers are listed in Table 1 . S. prenanti-specific β-actin and 18S-rRNA primers served as internal controls to normalize the cDNA quantity for each tissue sample (Lin et al. 2014) . Quantification of SpHsp90, β-actin, and 18S-rRNA was performed in triplicate on all samples using SYBR Premix Ex Taq II (Tli RNaseH Plus; TaKaRa), according to the manufacturer's instructions and methods according to Wang et al. (2015) . The qPCR data were obtained as Ct values and analyzed using the comparative Ct method (2 -ΔΔCt ; Livak and Schmittgen 2001). For the bacterial challenge, 40 fish were injected intraperitoneally from behind the base of the pelvic fin with S. agalactiae (ATCC: HQ658086) (Geng et al. 2012 ). The dose of injection was 1.5 × 10 6 cells suspended in 100 μl phosphate-buffered saline (PBS) per fish. Forty fish were injected intraperitoneally with 100 μl of sterile PBS per fish as a control. Eight fish were sampled before injection and 6, 24, 72, and 120 h post-injection from each group. Blood, kidney, hepatopancreas, and spleen were collected from each fish and used to isolate total RNA. To detect the expression of Hsp90 changes after bacterial challenge, total RNA extraction, cDNA synthesis, and qPCR were performed, as described previously (BTissue distribution of SpHsp90 mRNA^).
Statistical analysis
The levels of expression of Hsp90 are shown as a ratio relative to the control group (the highest level of Hsp90 mRNA expression in all studies), which was set at 100 %. One-way analysis of variance was carried out using the SPSS 20.0 software (SPSS, Inc., Chicago, IL, USA) to determine the differential expression of Hsp90 in various healthy tissues and after bacterial infection. All data are presented as the mean ± standard error. Differences between means were considered significant at the 95 % confidence level (P < 0.05). The full-length SpHsp90 cDNA was 2663 bp, including an ORF of 2181 bp, an 84 bp 5′-untranslated region (UTR), and a 398 bp 3′-UTR with a typical polyadenylation signal sequence (ATTAAA) and a poly-(A) tail (Fig. 1) . The predicted ORF encoded a protein of 726 amino acids with a calculated molecular mass of 83.38 kDa and a theoretical isoelectric point of 4.91. BLASTP analysis showed that SpHsp90 was most similar with C. carpio Hsp90 (GenBank accession no. AJG39407), and the identity was 96 %. As expected, SpHsp90 had five conserved HSP90 family signatures in the Fig. 2 Multiple sequence alignment of SpHsp90. Analysis was performed by ClustalW, using representatives of Hsp90 from different previously known vertebrates. Five conserved HSP90 family signatures and the MEEVD appear were underlined deduced amino acid sequence (Fig. 2) . A conserved motif (G-X-G) and C-terminal MEEVD motif were identified in SpHsp90. The SpHsp90 protein has a conserved ATP binding/Mg 2+ binding site and a typical histidine kinase-like ATPase domain. Multiple polypeptide sequence alignment revealed a high degree of identity for Hsp90.
Phylogenetic analysis
Phylogenetic analysis of the amino acid sequences of SpHsp90 was performed to study the evolutionary relationship with the reported HSP90 of vertebrates from the GenBank database (Fig. 3) . The results showed that HSP90α and HSP90β were clustered, and SpHSP90 was grouped in the HSP90β of Teleostei and different from the HSP90β of Mammalia, Aves, and Amphibia.
Tissue distribution of SpHsp90 expression in S. prenanti
Expression of SpHsp90 mRNA was examined by qPCR in different tissues from five fish, with 18s rRNA and β-actin as the internal controls. As shown in Fig. 4 , SpHsp90 transcripts were ubiquitously expressed in all tissues examined, including the gills, brains, hearts, muscles, skin, blood, kidneys, hepatopancreas, intestines, and spleens. The relative expression of SpHsp90 was significantly higher in the kidney, hepatopancreas, blood, spleen, intestine, and gill than in other tissues (P < 0.05). Indeed, the level of expression of SpHsp90 in the kidney was nearly three times than that in the spleen and blood. Moreover, the lowest relative mRNA expression of SpHsp90 appeared in the muscle (Fig. 4) .
Expression patterns of SpHsp90 after challenge with S. agalactiae
To determine the change in SpHsp90 after bacterial infection, the level of transcription was determined in the kidney, hepatopancreas, blood, and spleen by qPCR. After S. agalactiae infection, SpHsp90 expression was rapidly upregulated in the blood and hepatopancreas and reached the maximum point at 6 h (Fig. 5a, b) . The transcription of SpHsp90 was gradually upregulated in the kidney and in the spleen up to 24 h after S. agalactiae challenge (Fig. 5c, d ). The level of mRNA expression of SpHsp90 in the blood remained equal with the respective level in the control sample at day 5, but the levels of expression of SpHsp90 in the spleen and kidney remained significantly different.
Discussion
HSP90, one of the HSPs, plays an important role in protecting cell resistance to stress damage. In this study, we identified and analyzed SpHsp90 from S. prenanti for the first time. Hsp90 is highly conserved at the amino acid sequence level. Analysis alignment of the amino acid sequence of Hsp90 from other species, such as C. carpio, showed a high structural similarity. SpHsp90 contains five conserved HSP90 family Fig. 3 Phylogenetic tree of Hsp90 from vertebrates. The phylogenetic tree was constructed using p-distance model and 95 % partial deletion method in MEGA 6.0. The statistical robustness of the tree was estimated by bootstrapping with 1000 replicates signatures and one ATP binding domain, which are essential for the basic functions of Hsp90 protein (Hartl and HayerHartl 2002) . A conserved motif (G-X-G) in the ATP binding domain is necessary for ATP binding to the ATP binding domain (Prodromou et al. 1997 ). The C-terminal-conserved MEEVD motif was determined in the amino acid sequence of SpHsp90; thus, SpHsp90 belongs to the cytosolic HSP90 family because it has the characteristics of cytosolic HSP members. The function of the MEEVD motif mediates interdomain communication and peptide-binding capacity (Gupta 1995) . The results suggest that SpHsp90 may have the same functions as the Hsp90 from other organisms.
Both multiple alignment and phylogenetic analyses revealed that the SpHsp90 shares a high amino acid identity with the Hsp90 of other vertebrates (87.0-95.5 %). In vertebrates, Hsp90 has two groups (Hsp90α and Hsp90β) which have evolved from the same ancestral gene (Moore et al. 1989) . Alignment indicated that SpHsp90 is highly similar to Hsp90 β of vertebrates and amino acid sequence analysis indicated a lack of the glutamine-rich sequence (QTQDQ) in the N-terminal domain, which characterizes all α-isoforms (Fu et al. 2011; Theodoraki and Mintzas 2006) . In the phylogenetic tree, SpHsp90 and the Hsp90β of other vertebrates cluster, and SpHsp90 is located on the branch of teleosts. This fact suggests that the SpHsp90 gene is more closely related to vertebrate β-isoforms.
SpHsp90 was extensively expressed in all tissues of S. prenanti, which was measured by qPCR. The findings herein were similar to the findings in M. miiuy (Wei et al. 2013) , M. amblycephala, and I. punctatus (Xie et al. 2015) . The intestines, hepatopancreas, kidneys, and gills are important metabolic organs in fish. SpHsp90, with a high level of Fig. 4 Tissue relative mRNA expression of SpHsp90. Quantitative data for SpHsp90 mRNA levels were obtained by qPCR. The results were expressed as relative expression levels after standardization by β-actin and 18S-rRNA, which served as controls to verify the quality and amount of samples. Mu muscle, Sk skin, Br brain, He heart, Gi gill, In intestine, Bl blood, Sp spleen, Hep hepatopancreas, TK kidney. Different letters represent significant differences (P < 0.05). Error bars represent standard error of the mean (n = 5 fish/group) Fig. 5 Transcript level of SpHsp90 in tissues of S. prenanti by S.agalactiae infection at different time points. a Blood, b hepatopancreas, c spleen, d kidney. Quantitative data for SpHsp90 mRNA levels was obtained by qPCR. The results were expressed as relative expression levels after standardization by β-actin and 18S-rRNA, which served as a control to verify the quality and amount of samples. Asterisks represent significant differences between groups at the same time point (P < 0.05). Error bars represent standard error of the mean (n = 8 fish/group) expression, was observed in these organs as molecular chaperones, especially in the kidney and hepatopancreas. In addition, the stable level of expression of SpHsp90 gene in the spleen and blood showed that SpHsp90 may have an immunity-related function; however, intestines and gills, as open tissue samplings, are vulnerable to interference or pollution. We finally chose the hepatopancreas, kidney, spleen, and blood for qPCR analysis of the level of expression of Hsp90 after bacterial infection.
The level of expression of SpHsp90 mRNA in the hepatopancreas, spleen, kidney, and blood was significantly increased (P < 0.05) after challenge. A similar Hsp90 pattern of expression was observed in M. amblycephala after A. hydrophila infection (Ding et al. 2013 ). In the current study, the blood, hepatopancreas, and kidney rapidly responded initially (after 0 h), but the spleen reaction was late (after 6 h), and related to organ function and route of bacterial infection. After intraperitoneal injection, bacteria invade the host tissues and organs through the blood. The blood functions to maintain homeostasis, immunologic and defensive functions, and transportation (Ferencz et al. 2012) . Thus, SpHsp90 in the blood reached a maximum at 6 h, and the relative level of expression in the infection group was five times the control group. Although followed by a rapid decline in the blood, SpHsp90 was still significantly higher than the control group in the first 24 h. As previously shown, the hepatopancreas and kidney are the main infection sites for S. agalactiae infections (Suwannasang et al. 2014 ). We observed that the level of expression of SpHsp90 gene increased during the first 24 h in the hepatopancreas and kidney. In addition to bacterial infection, the level of expression of Hsp90 changed significantly in the liver after viral infection in Atlantic salmon (Gadan et al. 2012) . There was no change in SpHsp90 in the spleen the first 6 h after infection, but the response persisted longer than the blood and hepatopancreas after 24 h. Thus, Hsp90 may be involved in immune regulation against bacterial infections in fish. Considering the development of fish disease after bacterial infection by intraperitoneal injection, the course of disease was divided into four stages according to the time: acute stage (6 h), early stage (24 h), intermediate stage (72 h), and late stage (120 h) (Cha et al. 2013) . The level of expression of SpHsp90 was significantly higher than that of the control group in the blood, hepatopancreas, and kidney in the acute (6 h) and early stages (24 h) after infection. Therefore, we speculated that Hsp90 may be a potential early warning marker of S. agalactiae infection in the blood, hepatopancreas, and kidney. The AiHsp90 mRNA transcripts in hemocytes of A. irradians were measured after challenge by V. anguillarum or M. luteus, and the expression of AiHsp90 mRNA increased and reached a maximum at 9 h (Gao et al. 2008) . Other studies also indicated that bacterial infection induces significant changes in the expression of Hsp90 during acute and early stages. Previous studies showed that biomarkers should be quick, easy, and inexpensive to detect in a wide variety of organisms; the Hsp90 is very conservative protein from prokaryotes to eukaryotes; and the mRNA expression level use the qPCR detected are faster than protein detected. So the results suggested that Hsp90 may be a potential biomarker, not only for environmental stress but also for bacterial infection to monitor the health status of fish.
The advantage of blood as a test sample is that it is not necessary to sacrifice animals; however, one must be cognizant of rapid increase 6 h after infection. Other studies have reported similar results . The level of expression of Hsp90 mRNA in hemocytes of S. paramamosain was reported to be upregulated after challenge, and the level of Hsp90 mRNA peaked at 6 h in the live bacteria group, then decreased 12 and 24 h post-infection (Zhang et al. 2014) . It is worth noting that the level of Hsp90 in kidneys of the infection group was significantly higher than the control group at every time point, suggesting that kidney is the most suitable for detecting SpHsp90 after bacterial infection. Furthermore, the regulation of Hsp90 gene expression is very complex, and the level of gene expression usually occurs at both the transcription and translation levels. It has been reported that the level of expression of Hsp90 protein is consistent with the mRNA levels after infection. Thus, the next step will be to focus on determining the basis for the level of expression of protein in infected S. prenanti.
In conclusion, we have cloned SpHsp90 cDNA from S. prenanti. The SpHsp90 gene is highly similar to Hsp90 β of teleosts. SpHsp90 mRNA is extensively expressed in all tissues (from high to low): kidney, hepatopancreas, blood, spleen, intestine, gill, heart, brain, skin, and muscle. Hsp90 may be a potential early warning marker for S. agalactiae infection in blood, hepatopancreas, and kidney. Indeed, kidney is the most suitable tissue for detecting SpHsp90 expression after S. agalactiae infection.
